Purpose: This paper examines the behaviour of shared and dedicated Kanban allocation policies of Hybrid Kanban-CONWIP and Basestock-Kanban-CONWIP control strategies in multi-product systems; with considerations to robustness of optimal solutions to environmental and system variabilities.
inventory control strategies in order to achieve high customer service levels while minimising work-in-process inventory. Studies such as Spearman, Woodruff and Hopp (1990) , Marek, Elkins and Smith. (2001) , and Krishnamurthy, Suri and Vernon (2004) noted that pull control strategies are effective in simple manufacturing systems operating with low demand variations, repetitive processes and low processing time variations. The findings of Krishnamurthy et al. (2004) showed that pull control strategies perform poor in multi-product systems with varying demands, processing requirements, and highly engineered products in small batches.
Therefore, the purpose of using two case studies in this paper is to ascertain the appropriateness of BK-CONWIP and HK-CONWIP in (i) simple manufacturing system operating with low demand variations, repetitive processes, low processing time variations and (ii) complex manufacturing systems with varying demands and highly engineered products in varying batch sizes.
The remainder of this paper is organised as follows: an overview of multi-product manufacturing systems is presented in section 2. The description of the research methodology, experimental conditions and results is described in section 3. The outcomes of the robustness experiments are provided in section 4, while section 5 discusses the results and summaries the findings of the study.
Background
A growing interest in conducting research studies on multi-product manufacturing systems was recently observed in the literature (Feng, Zheng & Li, 2012) . It was shown that a majority of these studies focused on the scheduling, planning and optimisation issues as well as performance comparison of production control strategies (Onyeocha & Geraghty, 2012; Onyeocha et al., 2013a) . Akurk and Erhun (1999) , Hum and Lee (1998) and Chern, Lei and Huang (2014) developed methods for solving planning and scheduling issues in multi-product environments such that it proffers a solution when two or more product-types waiting in a queue require a decision to determine the product-type to release first into a system. Similarly, Park and Lee (2013) proposed an approximation technique for analysing a multi-product CONWIP system having correlated external demands. Bard and Golany (1991) proposed a mathematical model for optimisation of the number production authorisation cards to reduce the inventory, production and shortage costs in a multi-product system. Furthermore, Satyam and Krishnamurthy (2008) , Duenyas (1994) , Ryan, Baynat and Choobineh (2000) , Ryan and Vorasayan (2005) examined the influence of the WIP cap of CONWIP in multi-product manufacturing systems. Gurgur and Altiok (2008) investigated multi-stage multi-product systems that implement a two-card Kanban control strategy. Their study proposed an approximation algorithm to analyse work-in-process inventory and service levels for individual product-types. Similarly, Li and Huang (2005) developed a recursive method to evaluate a split and merge process in multi-product systems.
Conversely, studies that considered changeovers and/or finite buffer sizes in multi-product environments are limited in the literature (Feng et al., 2012) . Altiok and Shiue (2000) analysed a one-machine multi-product system with sequence-independent changeovers. Kuhn (2002, 2004) examined multi-product systems with sequence-independent changeovers, cyclic scheduling policy and Kanbans. Hernandez-Matias, Vizan, Hidalgo and Rios (2006) integrated manufacturing process analysis into a modelling framework reducing the time use in analysis of complex systems. Dasci and Karakul (2008) evaluated a multi-product system with finite buffers and sequence-dependent changeovers by means of an iterative approach. Feng, Zheng and Li (2011) studied the performance of a multi-product system with sequence-dependent changeovers, finite buffer and a cyclic policy. These studies provided meaningful insights on the effect of finite buffers and changeovers in multi-product systems. Onyeocha et al. (2013a) reported a growing attention on the effect of Kanban allocation policies on pull production control strategies in multi-product systems. Baynat et al. (2002) proposed a Kanban allocation policy that is capable of sharing resources among product-types in multi-product systems.
Their paper described the concept and application of the two Kanban allocation policies for the control mechanism of a multi-product pull production control strategies and it was shown that the shared Kanban allocation policy (S-KAP) outperformed the dedicated Kanban allocation policy (D-KAP). However, the paper noted that the Kanban control strategy does not naturally operate in S-KAP mode. Likewise, Olaitan and Geraghty (2013) evaluated the performance of five pull production control strategies operating D-KAP and/or S-KAP on a two-product, three-stage multi-product manufacturing system with a minimal blocking policy, negligible setup times and similar, unreliable machines. Their findings showed that the Generalised Kanban Control Strategy (GKCS) operating S-KAP outperformed the other strategies and policies examined when a robust system was not required. However, when the decision maker required a robust solution the Extended Kanban Control Strategy (EKCS) with D-KAP was preferred. They also reported that CONWIP and the Base Stock Control Strategy (BSCS) will not naturally operate in S-KAP mode.
A review of the literature in theoretical studies on manufacturing systems shows little considerations to robustness of solutions, whereas in real world scenarios, where system and environmental changes are inevitable, robustness of a solution is vital to maintain solution stability. According to Feng et al. (2012) , a few research studies have focused on specific issues that influence optimal solutions to provide insight on the effect of robustness of a solution in manufacturing systems. Some of the areas of interest include the input data variations, estimation error, and deficiency of data and the design of repair/rework systems. Kang and Gershwin (2005) studied the effect of erroneous data in inventory systems. The outcome of their study shows that a minimal possibility of stock loss negatively impacts the replenishment process resulting in severe stock-outs in a system. Feit and Wu (2000) investigated the effect of uncertainty in machine performance on the design of a transfer line.
The paper suggested an analytical approach to minimise uncertainty via identification of the critical data for total design performance. Li et al. (2005) proposed a simple approximation method for the estimation of the reliability data of feeder lines, which were shown to improve the accuracy of the throughput estimation. Similarly Marin (2007, 2008) conducted robustness analysis on the design of repair and rework systems in an automotive paint shop. The paper showed that robustness analysis improves the outcome and quality of products in a system. Related studies on robust designs of systems include Kleijnen and Gaury (2003) ; Moeeni, Sanchez and Vakharia (1997) ; Saitou, Malpathak and Qvam (2002); and Taguchi (1987) . However, these studies addressed issues relating to single product manufacturing environments with the postulation that their findings are scalable to multi-product manufacturing systems. Studies on robustness analysis in multi-product systems include the works of Feng et al. (2012) and Olaitan and Geraghty (2013) . Feng et al. (2012) examined the robustness of scheduling policies in multi-product systems with finite buffers and sequence-dependent changeover times. The findings of their study proposed that the cyclic policy (machine processing product-types in the order of 1,2, …to the last product-type and back again to 1,2..) and longest queue policy (machine always switches to product-type with the longest queue) show relatively robust and/or good performance over a wide range of varying parameters.
Regardless of the studies of Feng et al. (2012) and Olaitan and Geraghty (2013) on multi-product systems, further insight is required regarding the performance of shared and dedicated Kanban allocation policies and the pull production control strategy with consideration to instability in different multi-product manufacturing systems. This paper focuses on the robustness analysis of the two Kanban allocation policies and the two pull production control strategies (HK-CONWIP and BK-CONWIP) in a two-product three-stage serial manufacturing line and a complex four-product five-stage assembly line with sequence-dependent changeover times, finite buffers and erratic demand profiles.
Experimental Methodology
The methodology for investigating the application and behaviour of the pull production control strategies in multi-product manufacturing systems and the effect of the control factors on their performance metrics such as the level of work-in-process inventory and the delivery performance (service level and/or backlogs) used in this paper are primarily classified as (i) modelling (ii) simulation based optimisation and (iii) comparison techniques. In modelling, various significant entities, components, interactions between components of a system and the performance metrics are identified and theoretical designs are developed. The theoretical design is translated into a simulation model. ExtendSim V8 was used to develop the simulation models. A multi-objective optimisation block for ExtendSim developed by Kernan and Geraghty (2004) was used to conduct all optimisation experiments. To determine a superior PCS+KAP, significant analyses and comparisons of experimental results are required. The techniques and tools used in this study include (i) the Pareto optimisation curvature analysis via a curvature function, (ii) all pairwise comparison and Nelson's screening and selection procedure for ranking and selection of the best system, (iii) robustness analysis via the Latin hypercube sampling technique and stochastic dominance test.
In this section, a brief description of the two systems modelled and their configurations are presented. It provides details of the modelling assumptions, which were used to model the system entities and interactions that influence the performance of the systems. Additionally, the performance metrics and the analytical methods for comparing the performances of each PCS+KAP with respect to these metrics without and with consideration for robustness to environmental variations are presented here.
System Description
The two-product three stage manufacturing system used in this paper was similar to the one described by Olaitan and Geraghty (2013) , whereas the four-product five stage assembly line was a case-study of a highly automated electronics component manufacturing plant. The two-product three-stage serial manufacturing line with negligible setup times (see, Figure 1) hereinafter referred to as case-1, is a theoretical study, used here to provide fundamental understanding of the concept and relationship of predictable demand and system variables in simple multi-product manufacturing lines. Case-1 operates a low to high demand variability and was planned to deliver a targeted service level with the least possible work-in-process inventory. The system has infinite buffer capacity, no priority, and no set-ups. The unreliability of the system follows a Markovian distribution of the Mean Time Between Failures (MTBF) and Mean Time To Repair (MTTR) at 90 hours and 10 hours, respectively. The processing times of the machines are deterministic, while the mean time between demands is normally distributed.
A description of the system configuration data is presented in Table 1 . Conversely, the complexity of most real world multi-product manufacturing systems, with the need for minimisation of the number of set-ups, minimisation of the run/batch quantity and dynamic priority control to meet order due dates, are not considered in case-1. These complexities in real world systems create a gap between theoretical and industrial case studies. To understand the behaviour of a real world complex multi-product manufacturing system, an industrial automotive component manufacturing facility producing four products in a five-stage assembly line with significant set-up times, finite buffer sizes, dynamic priority, part-type production sequence and time, adjustable run/batch quantity and operator shifts, hereinafter referred to as case-2 (see, Figure 2 ) was used. The five stages are grouped in three cells with cell 1 -1131-Journal of Industrial Engineering and Management -http://dx.doi.org/10.3926/jiem.1407 consisting of two assembly processes (stages 1and 2), cell 2 consists of a welding process (stage 3), while cell 3 consists of a final assembly process and a quality control process (stages 4 and 5). The demand is erratic in nature and is uncertain. Table 2 . Description of symbols and acronyms used in this paper
In case-2, there are two product families and each of the families has two products. The family-1 products enter the system at stage-1, while family-2 products enter the system at stage 3. The last three stages in the assembly line have significant changeover times, while all the stages in the assembly line are subject to random failure. The machines are dissimilar and the processing times of parts vary between families, but are similar for products of the same family. Finished products are stored in a supermarket and supplies are made to customers in box quantities on a two hourly period. The box quantity of family-one products contains 90 parts while the box of family-two products contains 120 parts. The demands for product-types are random and unpredictable, while the order due date is equivalent to the company's production week period.
The demand profile of the system, referred to as Demand Data Set, was collected from the company and it comprises of six production weeks' demand, referred to as week 1-6. Table 3 provides a description of the demand profile for the six weeks' view, while the system configuration is presented in Table 4 .
Demand Data Set
Week Table 4 . Case-2 manufacturing system configuration settings
Simulation Modelling
A simulation is a technique widely used in analysis of complex systems and has several advantages over analytic techniques (Koulouriotis, Xanthopoulos & Tourassis, 2010; Khojasteh-Ghamari, 2009 ). It has been applied in modelling manufacturing systems and optimisation of system parameters in computing control variables with smaller amount estimations (Lin & Chen, 2015) . In modelling manufacturing system, object-oriented simulations are widely used to design and configure the control parameters of the system. The configured control parameters of a modelled manufacturing system determine the behaviour and performance the system. Hence, a system with an optimal control parameter will perform relatively its best when the system is not subject to environmental or system variations (Koulouriotis et al., 2010) . The optimal control parameters of pull control strategies are mainly the processing times, machine unreliability, minimum number of the production authorisation cards of the strategies that achieves the maximum throughput while maintaining the minimum work in the system. ExtendSim simulation; an object-oriented modelling and simulation tool from Imagine That Inc. (www.extendsim.com) was used in this study to develop the manufacturing system and conduct optimisation of the control parameters. It allows the modelling of entities, the interactions, events and setting of control parameters such as the input and manufacturing process variables (production authorisation cards, simulation time, buffer control policies, setup minimisation functions, setup times, processing times, quantity, demand arrival, distributions, etc.,) output variables (data collection processes for WIP, Service level, etc.) and their interactions with each other.
We designed the conceptual model of the manufacturing system layout and had a technical walk-through of the systems' entities and their interactions. The designed models were translated into simulation models using the ExtendSim blocks (objects) representing these entities. The fundamental stages followed in translating the conceptual models into simulation models are identification of the entities, constructing the architectural level of the entities in the layout, and connecting the entities to interact with each other as the real systems. The simulation models were verified and validated to ensure that the models are true representation of the systems. The models were verified by technical walk-through of the entities and their interactions. The models captured accurately the systems' entities and linkages. The models were validated owing to the contents of the systems and by direct comparison with the output of models found in the works of Olaitan and Geraghty (2013) and Onyeocha et al. (2013a Onyeocha et al. ( , 2013b . Furthermore, the models were operated using a simple push control strategy for which the systems are being operated and the output data collected were affirmed by the company's production team as valid. Therefore, the models were adopted for this study as a true representation of the systems.
Modelling Assumptions
The following assumptions were made to simplify case-1 system for modelling:
• The system produces two products in a three stage serial line using similar machines.
• Demand profile is stochastic in nature and unfulfilled demand in a period is recorded as backlog and served in the following period.
• The three stages in the system are supposed to have negligible setup, infinite buffer size and first-in-first-out buffer order.
• Raw materials are considered as always available and the machines are assumed to have operations-dependent failure.
• The transfer time (including loading and unloading times) is negligible.
• Negative output generated from normal distribution used in modelling the demand arrival occurrence will immediately create arrival of demand.
The assumptions to simplify case-2 system for modelling are as follows:
• Four products of two families are produced in an assembly line.
• Raw materials are assumed to be always available.
• The system comprises of five stages, a component manufacturing unit and a supermarket.
• The component manufacturing unit is considered as raw material unit.
• Unfulfilled demands are considered as backlog at the end of each production week and served in the following production week.
• A production week is considered as 120 hours.
• The system has sequence-dependent changeovers, finite buffer size, priority buffer order and dynamic changeover factor
• Changeover is assumed to occur in stages 3 to 5 areas, such that stages 3 to 5 undergo clearance and remain down pending when the stages recover from changeover.
• Machine failure is operation-dependent
Performance Measures
One of the widely used performance metrics in comparison of pull production control strategies is the trade-off points between the average work-in-process inventory and the average service level (see, Olaitan and Geraghty, 2013 , Khojasteh-Ghamari, 2009 , Geraghty and Heavey, 2005 and Bonvik, Christopher & Gershwin, 1997 . Olaitan and Geraghty (2013) and Geraghty and Heavey (2005) centred their evaluation of various pull production control strategies on the proportion of work-in-process inventory level used by a production control strategy in a system to achieve a targeted service level. For the purpose of comparison, a minimum work-in-process inventory that achieves 100% service level in the system is used in this paper. This study was conducted such that the outcome, based on the two systems will provide insight on the behaviour and relationship of the performance of the pull production control strategies and
Kanban allocation policies in a simply theoretical serial flow line and a complex real-world assembly line.
Control Mechanisms
The control mechanisms for BK-CONWIP in both S-KAP and D-KAP mode are provided in Onyeocha et al. (2013a; 2013b) . The control mechanism for HK-CONWIP in D-KAP mode is provided in Onyeocha and Geraghty (2012) . According to Onyeocha and Geraghty (2012) , HK-CONWIP is incapable of naturally operating S-KAP. The modification approach suggested in their paper was applied to HK-CONWIP to develop HK-CONWIP S-KAP. The control mechanism of HK-CONWIP S-KAP is similar to HK-CONWIP D-KAP except that a CONWIP card is detached from a part after it completes processing at final stage in the line. The CONWIP cards are returned to a shared resource pool to wait for demand information card for any product type, while the finished part enters the Finished Goods Inventory or Supermarket. When a demand occurs in a system, a demand information card is sent upstream to batch with a CONWIP card to authorise the release of the required product type into the system and a corresponding demand information card is sent to the final goods inventory to release a product to satisfy the demand. If a product of the required type is not available in the final goods inventory the demand is backlogged. If a CONWIP card is not available, the part replenishment process is delayed.
Furthermore, it is noted here that the priority rule in place at the third stage in case-2 presents an additional modification of HK-CONWIP which normally assumes no internal transmission of demand information. The priority rule, for job selection at stage 3, gives priority to Family A products in the first 2 days of production week, to Family B products in the third day and equal priority in the remaining 2 days. Additionally, the priority rule will select among products based on demand performance. For example, on the first and second day in a production week, priority will be given to Family A products and if inventory of both products from this family is available the product with the lowest percentage of its weekly demand produced through stage 3 will be selected. Essentially, this introduces demand information to the line at stage 3, which is delayed owing to the minimum batch/run quantity that is used to specify the minimum time to a changeover when WIP is available.
Optimisation and Pareto Frontier Curvature Analysis
Real-world manufacturing systems' problems often contain two or more conflicting objectives resulting in a complex search space (Hwang & Masud 1979) . In such cases a multi-objective optimisation approach is often favoured as it searches for optimality in problems with multiple conflicting objectives, which often results in the generation of a set of solutions that are insensitive to each solution, implying that no enhancement can be achieved by altering any of the constraints without negatively influencing the performance of one or more of the objectives (Hwang & Masud 1979; Horn 1997) . This set of non-dominated solutions is referred to as the Pareto-optimal solution frontier. The combination of search and decision making in multi-objective optimisation into one optimisation condition has an advantage over single-objective optimisation approach and can be useful without additional modifications (Hwang & Masud 1979; Horn 1997) . A multi-objective optimisation application block called the Pareto optimiser for ExtendSim developed by Kernan and Geraghty (2004) was adopted for conducting a multi-objective space search via genetic algorithms in this paper. The purpose of the multi-objective optimisation approach is to determine the trade-off points between conflicting objectives.
The trade-off curves of all PCS+KAP obtained from the Pareto optimisation were analysed using the curvature function k, which measures the rate of change of the curve to the direction of a tangent and is given by:
(1)
The negative or positive sign of the curvature function k shows the direction of rotation of the unit tangent vector along the curve, such that a clockwise rotation of the unit tangent vector indicates that k < 0, while a counter clockwise rotation of the unit tangent indicates that k > 0.
This technique is used in this paper to compute the points of inflection and the corresponding service level.
Comparison of Systems without Consideration for Robustness
In order to compare the performances of the PCS+KAP alternatives for each case the methodology of Olaitan and Geraghty (2013) However, if the survivors' set contains only one survivor, it is selected as the superior PCS+KAP. The average total work-in-process inventory level and the average total service level of the pull production control strategies and Kanban allocation policies were screened.
Comparison of Systems with Consideration for Robustness
The robustness analysis method of Kleijnen and Gaury (2003) was adopted in this study to analyse the effects of environmental variations in a multi-product manufacturing system under the control of HK-CONWIP or BK-CONWIP. The procedure uses a statistical technique for generating feasible sets of control settings or factors from a multi-dimensional distribution known as Latin Hypercube Sampling (LHS). A minimum of 100 samples are required for the LHS robustness analysis procedure (Kleijnen & Gaury, 2003; Olaitan & Geraghty, 2013) . The comparisons of strategies are performed via a stochastic dominance test on the outcomes of their cumulative distribution functions. The outcome of a stochastic dominance test is reported as first or second degree dominance or in some cases inconclusive based on the level of the significant difference between the compared strategies. For instance, assuming that the cumulative distribution functions of two systems A and B are given by P A (x) and P B (x). If the objective of the stochastic dominance test is to maximise the value of x, then system A is said to have first-order stochastic dominance over system B if
While system A stochastically dominates system B in a second order degree if:
, for all k
In cases where there are insignificant difference between system A and B, the stochastic dominance test returns as inconclusive.
Experimental Results
This section will, firstly, provide results from the application of the multi-objective optimisation algorithm for all PCS+KAP for each case. The curvature analysis of each Pareto frontier generated is also provided. The section will also detail the results of experiments conducted to compare the performances of the PCS+KAP for both cases without and with consideration for robustness to system and environmental variability.
Results from Optimisation and Pareto Frontier Curvature Analysis
A mutation rate of 10% was selected for the experiments, while the number of generations before terminating the search was set at 150 generations and the number of replications was set to 30. Trial runs were conducted using arbitrary values to find suitable search range settings that can achieve service levels between 80% and 100%. The simulation run length is 50000 hours for case 1 and 1200 hours for case. In case 2, in addition to the parameters of the PCS+KAP, a changeover parameter is also considered in the optimisation. The changeover parameter identifies the minimum number of batches of a product to be produced, subject to availability of inventory, before a changeover can be considered. This parameter is set so as to avoid frequent changeovers and mirrors the company's own changeover policy. In case 1, a search space ranging from 1 to 50 was used in determining the optimal values for the production authorisation cards (Kanban and CONWIP), while in case 2, the search space was between 1 and 350. A summary of the optimal values of the control parameters that achieve 95% service level is presented in Tables 5 and 6 . The Pareto frontiers, showing the trade-off points between the average work-in-process inventory and the service levels achieved by individual PCS+KAP, are presented in Figures 3 and 4 for case 1 and case 2, respectively. The Pareto frontiers in this paper will concentrate on Service Levels above 90% as industrialists are interested in achieving higher service levels. The results of the application of the curvature function technique on the Pareto optimisation curve (Figures 3 and 4) of the PCS+KAP in cases 1 and 2 (for the curvature for the average total work-in-process inventory and the average service level) suggest that the decision makers should set the parameters of PCS+KAP to achieve the performance metrics shown in Table 7 . Performance metrics achievable at low WIP cost Table 7 shows the inflection points of each PCS+KAP such that the cost of increasing the service level becomes more expensive in terms of the proportion of WIP required achieving such an increased service level. The results of the Pareto frontier curves analysis show that the S-KAP models in both cases outperformed the D-KAP models. BK-CONWIP S-KAP is superior to the other models because it maintained lower work-in-process inventory level throughout the curve. The HK-CONWIP D-KAP model maintained the highest work-in-process inventory, making it the worst system among the models in case 1 and case 2. The poor performance of D-KAP is largely attributed to the large number of the total authorisation cards that are used in releasing product-types into the system. The large amount of released product-types increases the work-in-process inventory in the system. Additionally, when considering the curvature functions of each Pareto frontier, the rate of change of the angle of the Pareto frontier is slower in S-KAP models than the D-KAP models.
Analysis of Performance without Consideration for Robustness
For case 1, the simulation warm-up period (for steady state simulation) was set to 15,000
hours(run length of 50,000 hours and 30 simulation replications) were used in conducting the experiments, while in case 2, the simulation warm-up period was set to 480 hours (equivalent to four production weeks' period, length of 1,200 hours, and 30 simulation replications). The inventory at each machine and buffer for each stage were considered in determining the average total work-in-process inventory in both cases. The results from the optimisation experiments for each examined PCS+KAP are provided in Tables 8 and 9 . The tables show the average total WIP achieved at 95%, 98% and 100% service levels. Furthermore, the tables provide details for 95% confidence interval half-width of the average total work-in-process inventory for each PCS+KAP. Table 9 . Case-2 Optimisation results of PCS+KAP for average total WIP with 95% confidence interval half widths at targeted service levels (SL)
The evaluation of the data presented in Tables 8 and 9 (average total WIP) showed that BK-CONWIP S-KAP maintained the lowest amount of the production authorisation cards and the least work-in-process inventory in the systems. BK-CONWIP S-KAP was the superior strategy over the alternatives owing to it capability of using a lower quantity of production authorisation cards to maintain the least average total WIP at targeted service levels. To confirm the observation from Tables 8 and 9 , an all pairwise comparison was used to select a superior PCS+KAP with overall 95% confidence level for six comparisons, such that an individual confidence level is adjusted to 99.17% confidence level using the Bonferroni Approximation. The difference between the mean of the samples (t-statistics) and the confidence interval for the t-statistics were determined. Table 10 presents a description of the comparisons of the confidence interval of the differences pairs of PCS+KAP for case 1 and 2 at 95%, 98% and 100% service levels. A negative confidence interval without zero between the upper and lower bounds indicates that the PCS+KAP identified by the column label has a statistically significantly smaller proportion of average total WIP than the PCS+KAP identified by the row label. Table 10 . Confidence interval of differences between average total WIP of PCS+KAP The outcome of the WIP comparison in Table 10 has no zero between the upper and lower bounds of the confidence intervals. Additionally, Table 11 shows a summary of the ranking of the PCS+KAP based on the confidence intervals in Table 10 , where 1 is the best performer and 4 is the worst performer. As can be seen from Table 11 , the ranking of PCS+KAP was consistent across both cases and the three Service Level Targets with BK-CONWIP S-KAP being selected as the best performer as it maintained the least average total inventory; the second best performer is BK-CONWIP D-KAP; next is HK-CONWIP S-KAP, while HK-CONWIP D-KAP is the worst PCS+KAP in terms of limiting WIP in a system to achieve a targeted Service Level.
Case 1 HK-CONWIP D-KAP HK-CONWIP S-KAP BK-CONWIP D-KAP BK-CONWIP S-KAP
The parameters of Nelson's combined procedure used in this study are as follows: k = 4 where k is the number of PCS+KAP for screening and selection. The original number of replication is represented by n 0 , where n 0 = 30. The variance of the sample data is denoted as , while is the mean of the sample data. , where t = 2.5336 The overall confidence level (α) is 90% for the combined procedure, that is α = 0.1, also confidence level of 95% for each of the two stage sampling procedures is given as . A significant difference of 0.2 units for case 1 and 30 boxes for case 2 were selected. Rinott's integral h is given as h = 3.129.
The summary of the results from application of the Nelson's two sampling procedure is presented in Table 12 . The results of the Nelson's two sample screening and selection procedure show that BK-CONWIP S-KAP was the only survivor of the screening for total WIP in both cases. The outcomes of the screening for total service level in both cases show that all PCS+KAP survived the screening because it was based on a 100% targeted service level. However, when the work-in-process inventory level required to achieve a 100% service level was examined BK-CONWIP S-KAP was selected as superior to the alternatives. Therefore, in multi-product manufacturing environments with negligible environmental variability, BK-CONWIP S-KAP should be selected and implemented for the best performance.
Analysis of Bottleneck Locations
The statistics of incoming WIP of each stage and the status of a stage's machine(s) are presented in Tables 13 and 14 for case 1 and case 2 respectively. In case 1, the stages were observed (Table 13) to be readily available with no internal bottleneck, such that the relationship between the proportion of average work-in-process inventory and the availability of the stages does not show that the any stage significantly slowed down the flow of parts in the system. In effect the demand process is the bottleneck as each production stage has unused capacity (11 to 12% idle time).
This could be attributed to low to moderate demand variations, negligible set-up times and the global demand information transmission method in BK-CONWIP and HK-CONWIP. Olaitan and Geraghty (2013) observed a similar outcome in BSCS and CONWIP and suggested that it was due to global demand information transmission by BSCS and CONWIP. In case 2, the bottleneck was detected at stage three for all PCS+KAP. Observation from the simulation shows that the demand variations, more product variants (products 3 and 4) entering the system at this stage, job section based on a priority rule and a minimum run/batch quantity in place at this stage contributed to the location of the bottleneck in stage three. 
Analysis of Performance with Consideration for Robustness
In designing a system, various uncertainties are taken in consideration such as environmental and system variability. An environmental variability refers to factors that are externally induced, for instance the rate of ordering a product may vary with respect to time. On the other hand, system variability refers to factors that occur internally in a system, for instance the failure rate of a machine increases and is no longer modelled by the assumed distribution.
Considerations were given to in-process changes or failure rate in a system and demand variability as potential factors in carrying out this robustness analysis. The factors were varied within the range of ±5 of the simulated values. The experiment was designed with ten factors in both cases 1 and 2, such that four of the ten factors are considered as demand variability and six accounts for processing rate variability. Tables 15 and 16 Table 18 . Case-2 boundary conditions used in creating LHS samples demand data set
The average total service level and average total work-in-process inventory are the performance metrics used in the comparison of the pull production control strategies (HK-CONWIP and BK-CONWIP) and Kanban allocation policies (S-KAP and D-KAP) investigated.
An incremental range of 5% was applied in constructing the cumulative distribution function plots of the average total service level of each of the two systems. The comparison of the strategies was conducted for the entire distribution in order to give consideration to achieving service level because of high or low work-in-process inventory in the system. Figures 5 and 6 provide descriptions of the cumulative average total service level in cases 1 and 2 respectively. Table 20 . Summary of robustness analysis ranking for WIP Direct observation of the Pareto Frontier curves generated from the multi-objective optimisations for both cases (Figures 3 and 4) shows that BK-CONWIP required less total inventory (WIP) to achieve any targeted Service Level in the range 90% to 100%. Also, from direct observation of the Pareto Frontier curves it is clear that a PCS operating S-KAP will achieve a target service level with less (or at worst equivalent) WIP than when operating D-KAP. For the simple system studied in case-1 this difference is maintained across the range for BK-CONWIP and is apparent for Service Levels above 95% for HK-CONWIP. For the more complex system studied in case-2 this difference is observably significant for both BK-CONWIP and HK-CONWIP for Service Levels below 95% and more modest for higher Service Levels. It was, therefore, necessary to consider whether these differences in performances are statistically significant, especially for a given PCS operating S-KAP and D-KAP and if so, which PCS+KAP combination is the best performer. The results of the all-pairwise comparisons in both cases found statistically significant differences between all pairs of PCS+KAP for both cases for WIP required to achieve service levels of 95%, 98% and 100%. It is also possible to conclude from the all-pairwise comparisons that S-KAP outperformed D-KAP and BK-CONWIP outperformed HK-CONWIP in all instances. The application of the ranking and selection procedure confirmed this by selecting BK-CONWIP operating S-KAP as the superior PCS+KAP in both cases for a targeted Service Level of 100%. The selection of S-KAP as being the preferred Kanban allocation policy for a PCS is only applicable to stable production systems with steady demand pattern.
It is observable from the results presented in Table 10 that the magnitudes of the differences between the performances of a PCS in S-KAP mode and D-KAP mode, while statistically significant, were modest in comparison to the magnitudes of the differences between the performances of BK-CONWIP and HK-CONWIP irrespective of KAP applied. But, given that there are fewer parameters to plan (optimise), especially where there are a large number of product types in the system, it is recommended that the implementation of BK-CONWIP in S-KAP mode will minimise WIP inventory rather than D-KAP mode. However, robustness of optimal solutions is required in order to select an appropriate PCS+KAP for a system prone to instability especially when service level has a higher priority for PCS+KAP selection.
The level of instability in a system influences the performance of PCS+KAP. When a system is prone to environmental changes between a ±5 range of the base value, none of the PCS+KAP achieved the 100% service level target. It was shown that the service level performance of D-KAP was more effective than S-KAP. BK-CONWIP D-KAP was shown to be the superior PCS+KAP. HK-CONWIP D-KAP is the second best performer, followed by BK-CONWIP S-KAP, and the worst performer is HK-CONWIP S-KAP.
The results of the average total work-in-process inventory (Figures 7 to 10) 
Conclusion
The findings of this research agree with the works of Onyeocha and Geraghty (2012); Onyeocha et al. (2013a Onyeocha et al. ( , 2013b , by demonstrating that BK-CONWIP combined with S-KAP has a lower WIP inventory than BK-CONWIP D-KAP. BK-CONWIP is effective in managing the conflicting objectives of maintaining high service levels while minimising total WIP in both the simple and complex multi-product serial assembly lines examined. This was attributed to the global transmission of demand information and the CONWIP's WIP Cap (limiting WIP into a system) rule. Also, the findings in this study support the work of Baynat et al. (2002) by providing evidence that S-KAP is an effective policy for distributing production authorisation cards in multi-product environments when the system (e.g. repair and failure distributions) and environmental (i.e. demand distribution/profile) information used to determine the control parameters of PCS are assumed to be stable.
This study has advanced the work of Onyeocha and Geraghty (2012) and Baynat et al. (2002) by answering the practical question of the robustness of the optimal solution. The optimal solutions achieved in all the PCS+KAP examined demonstrated a high probability of poor service level (Figures 5 and 6 ) when the optimal solutions (which achieved 100% service level under steady demand and stable system conditions), was subjected to a ±5 range of demand and system instabilities. This shows that the selection of a strategy and policy solely on the optimal solution performance is misleading and can result in poor delivery performance. It was
shown that selection of a pull control strategy combined with S-KAP performs worse than D-KAP in terms of service level. This was attributed to the fact that D-KAP has a higher number of production authorisation cards resulting in a higher WIP level and further responds to instability than S-KAP. BK-CONWIP D-KAP is selected as the best performer when service level is a priority for selection of a strategy and policy. Therefore, if a multi-product serial assembly line is prone to instability it is recommended that BK-CONWIP D-KAP will outperform its alternatives.
This paper is limited to multi-product multi-stage serial lines with deterministic and similar processing times. Complex multi-product systems with stochastic processing times, balancing issues and high demand instability may be useful to demonstrate the efficacy of selection of BK-CONWIP D-KAP over its alternative. Supposedly, BK-CONWIP D-KAP will maintain a high level of delivery performance than its alternatives.
Insights for Operations Personnel
We have extended the method of selection of strategy based on optimal solution to include conducting robustness tests on production control strategies especially, for complex multi-product systems. Also, to identify the Kanban allocation policy that has the most impact on the operational performance of different strategies when WIP or service level is considered in a system prone to instabilities.
The method of comparing the operational performance of complex manufacturing systems by optimising strategies was used in conjunction with the robustness method. The differences in the results support the need for robustness study. The result of the study when robustness was not considered recommends BK-CONWIP S-KAP as the superior PCS+KAP for both performance metrics (WIP and Service level). However, the robustness test shows that the superior PCS+KAP is BK-CONWIP D-KAP when service level is considered for selecting PCS+KAP, while BK-CONWIP S-KAP is recommended when WIP is considered. BK-CONWIP consistently outperformed HK-CONWIP.
The outcomes of this work are applicable to multi-product serial flow lines with negligible/significant setup times. The multi-objective optimisation provides decision support for selection of control-parameters of systems with steady demand and system configuration.
However, real-world systems are unstable and it is the opinion of this study that conducting a robustness analysis of the optimal solutions will improve the decision for selection of a control strategy and policy over another. BK-CONWIP S-KAP is recommended for WIP minimisation, while BK-CONWIP D-KAP is favoured for a higher delivery performance.
Further Research Work
Finally, it was postulated that BK-CONWIP would respond more favourably than other PCS+KAP systems to a certain level of demand variations without recourse to re-planning of control parameters and rescheduling in a system (Onyeocha & Geraghty, 2012) . We therefore, identify this area for further research to verify the level of flexibility of BK-CONWIP with respect to product mix and product demand volume variations in a complex multi-product system.
